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ABSTRACT
The Ultrastructure of Mesophyll Cell Chloroplasts
of Plants Under Nutrient Stress
(September 1982)
Robyn Rufner, B.S., Lynchburg College
M.S., The Pennsylvania State University
Ph.D., University of Massachusetts
Directed by:

Professor Allen V. Barker

Leaves from Raphanus sativus L., cv. 'Cherry Belle' plants
treated with 10 ppm nitrapyrin with six nitrogen fertilizers ex¬
hibited symptoms of nitrapyrin toxicity which ranged from reduced
leaf size to marginal chlorosis and chlorotic mottling.

The in¬

corporation of the nitrification inhibitor, nitrapyrin, with ni¬
trogen fertilizers highly significantly reduced the number of
chloroplasts per cell and highly significantly altered the struc¬
tural integrity of radish mesophyll cell chloroplasts as evidenced
by reduction in the number and area of grana, number of stromal
thylakoids, average number of thylakoids per granum, area of
piastoglobuli and total area per chloroplast, particularly with
organic fertilizers.

The quantization of chloroplast structure

by sonar-digitizing provided highly reliable data for comparative
treatment analysis.
Leaves from Spinacia oleracea L., cv. Hybrid-424 and Lyco-

vi

jpersicon esculentum Mill., cv. Heinz 1350 treated with Hoagland'
No. 1 nutrient solution minus Fe or plus Zn (10 ppm) exhibited
characteristic symptoms of Fe deficiency.

The ultrastructure of

spinach and tomato chloroplasts from plants treated with Hoagland's solution plus Zn (10 ppm) corresponded to the altered
structural integrity representative of Fe-deficient chloroplasts
and was morphological evidence of Zn-induced Fe deficiency.

The

addition of Fe (10 ppm) to the nutrient supply eliminated Zn
toxicity and enhanced the integrity of the grana-fretwork system
of mesophyll cell chloroplasts from spinach and tomato plants.
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CHAPTER

I

REVIEW OF THE LITERATURE

Nitrification

Significant loss of fertilizer nitrogen through leaching and
denitrification and toxic accumulation of nitrate-N in water sup¬
plies, as well as plant and animal tissues, have been attributed
to the biological oxidation of ammonium-N to nitrate-N, i. e. ni¬
trification (2, 6, 18, 45, 46, 107, 133, 170, 180, 209, 224, 316,
317, 384).

Related economic considerations and environmental con¬

cerns have stimulated an awareness for optimizing the utilization
and management of agricultural nitrogen fertilizers (3, 4, 21, 75,
192, 196, 198, 240, 243).

Concentrated efforts to reduce nitrifi¬

cation have involved studying the responses of horticultural crops
to nitrogen nutrition (22, 23, 25, 33, 34, 94, 98, 138, 190, 202,
258, 259), selective breeding (79, 92, 279, 357), symbiotic nitro¬
gen fixation (61, 116, 261), the use of municipal sludge and ma¬
nure (47, 76, 78, 104, 134, 139, 172, 200, 203, 232, 256, 315,
318, 323), the incorporation of controlled or slow-release fertil¬
izers (106, 181, 211, 299) and the implementation of improved fer¬
tilizer application and field practices (19, 24, 124, 151, 168,
197, 248, 284, 295, 307, 329).

Extensive research has also been

devoted to the development of an inhibitor of nitrification which
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would be economical to use, which would specifically block ammo¬
nium but not nitrite oxidation and which would not be toxic to
plants, animals nor humans.

The incorporation of an effective

nitrification inhibitor into the soil with ammoniacal or organic
fertilizers would conserve N use by suppressing nitrate leaching
(117, 129, 130, 157, 162, 169, 253, 269, 296) and would reduce
nitrate-N accumulation in plants (222, 246, 322, 330, 355).

Nitrapyrin

Although numerous chemicals have been screened and tested,
the nitrification inhibitor, nitrapyrin, 2-chloro-6-(trichloromethyl)pyridine, has received the most attention and has been used
effectively to suppress nitrification (11, 54, 60, 65, 82, 117,
129, 131, 146, 156, 158, 169, 255, 342, 347, 348) and recently,
to suppress denitrification (213, 214, 247).

Nitrapyrin, which

is both lipophilic and nonionic, specifically blocks ammonium but
not nitrite oxidation by inhibiting Nitrosomonas sp. growth (130,
169, 171, 184, 228) by acting as a copper-chelating agent on the
cytochrome oxidase component of ammonium oxidation (71, 145).

It

is effective at concentrations as low as 0.05 ppm but increased
concentrations delay the conversion of ammonium-N for longer per¬
iods of time (130).

The use of nitrapyrin has been reported to

increase yields in such crops as corn (53, 115, 161, 283), rice
(371), wheat (144, 156, 158, 191, 351), cotton (205), sugar beets
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and sugar cane (330).
The efficiency of nitrapyrin as an inhibitor of nitrifica¬
tion, however, is influenced by several soil and environmental
factors (138, 171).

The bioactivity of nitrapyrin is less effec¬

tive because of the following:

sorption on organic matter (120,

121, 147, 227, 277), volatilization (65), increased soil tempera¬
tures (86, 127, 162, 218, 296), neutral to alkaline soils where
recovery of nitrifiers is rapid (129, 146) and any situation where
the nitrification activity is high (255).

Similarly, reported

half-life values for the persistence of nitrapyrin vary consider¬
ably (0.5 to 1,000 days) depending upon the texture (137), compo¬
sition and temperature of the soil (171, 332).
In addition, the sensitivity of plants to ammonium nutrition
must be considered with the addition of nitrapyrin to ammoniacal
fertilizers (171, 175, 208, 225, 226).

It is generally recognized

that plants supplied with only ammonium-N often contain lower con¬
centrations of inorganic cations including calcium and magnesium
(30, 31, 32, 209, 210, 375, 385, 386) and exhibit reduced yields
(31, 208), leaf and stem lesions (208) and root injury (349).
High concentrations of ammonium ions have been shown to adversely
affect the photosynthetic activity of plants by the uncoupling of
photophosphorylation (27, 33, 257, 273).
Furthermore, the use of municipal waste as a nitrogen source
has particular relevance since soils amended with sludge contain¬
ing high levels of metal ions, especially Cd, Cu, Ni, Pb and Zn,
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have been reported to significantly inhibit the process of nitri¬
fication (192) as well as denitrification (52).

The relative ef¬

fectiveness of inhibition and the extent of reductions in plant
growth and yield which are commonly recorded symptoms of heavy
metal toxicity (50, 57, 90, 110, 207, 275) depend upon such fac¬
tors as concentration and availability of the metals in the
sludge, mode of sludge incorporation into the soil, soil type and
temperature, moisture, cation exchange capacity, pH and crop sus¬
ceptibility (125, 182, 212, 302, 303, 319).
Nitrapyrin and its principle breakdown product, 6-chloropicolinic acid (122, 238), do not appreciably accumulate in animal
tissue (278), plant tissue (276), dairy products (238) or water
(238), nor do they effect growth of Nitrobacter sp. or other soil
microorganisms (277).

However, reports in the literature conflict

as to whether or not nitrapyrin is detrimental to the elemental
composition of plants and whether or not the recommended rate of
1 to 2% of the applied N (117, 129) is toxic to plants.
With regard to the effects of nitrapyrin on the elemental
composition of plants, Boswell (53), Rudert and Locasio (292),
Touchton et al. (341) and Warren et al. (361) found no significant
concentration changes for use with corn.

Other investigators,

however, have noted decreased Ca and Mg (101, 102), decreased Ca
and Mg and increased K (94) and increased Fe content in corn (362,
363), increased P uptake in wheat (244), increased K and Mg and
decreased NO^” in cabbage and endive (176, 197), increased Cl and
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decreased K, Ca and NO^

in cucumber (385, 386), increased K and

Mg (262) and decreased Ca and Mg in tomato (101), as well as de¬
creased Ca and Mg and increased K and P with an accompanying in¬
crease in soil NH^+ in radish (28, 29) when nitrification was in¬
hibited in the presence of various ammoniacal fertilizers.
Furthermore, decreases in crop yield have been associated
with the use of nitrapyrin, suggesting phytotoxic effects of the
nitrification inhibitor.

Apparently the phytotoxicity is contin¬

gent upon the concentration of nitrapyrin and the soil type as
well as the plant species (120, 121, 322, 330).

For instance.

Mills (222, 223) found that the incorporation of nitrapyrin in
concentrations greater than 50 ppm adversely affected the yields
(fresh and dry weight) of radish, spinach, bean, corn, pea, cucum¬
ber and pumpkin when (NH^J^SO^ supplied the N source while Kowal
(176) noted restriction in growth of cabbage and endive when ni¬
trapyrin was added to the soil at the rate of 10 ppm and Lynd et
al. (201) observed decreased growth of black locust seedlings at
1 ppm.

Additional decreases in yields have been reported for

alfalfa (215), black locust (285), potatoes (147, 353) and corn
in the presence of sewage sludge (101, 102).
Although reduction in yield appears to be the most widely
documented symptom of nitrapyrin toxicity, leaf chlorosis has been
observed on the primary leaves of bean seedlings (223), cucumbers
(300) and radish (29), as well as on the lower leaves of corn with
nitrapyrin and (NH^SO^ in soil (94) and on older leaves of
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plants receiving nitrapyrin combined with 200 mg N from Milorganite (101, 102).

Also auxin-like effects of leaf curl and inter-

nodal elongation have been described on black locust (201), soy¬
beans (126, 286), potato (146), alfalfa (215), tomato (101) cucum¬
ber and pea (223).

The chlorinated pyridine, nitrapyrin, or a

breakdown product may be responsible for either the degradation
of chloroplasts or the hormonal-type aberrations since several
herbicides, including pyriclor (2,3,5-trichloro-4-pyridinol) (67,
119, 201, 217) and atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) (12, 58, 62, 373) as well as picloram (4-amino3,5,6-trichloropicolinic acid) (100, 109, 111, 201, 280) and 2,4-D
(2,4-dichlorophenozy acetic acid) (73, 89) respectively, have pro¬
duced similar symptoms of phytotoxicity (229, 230, 231).

It should

be noted that nitrapyrin has been shown to reduce the incidence
of several nutrient-associated plant diseases (159), namely, corn
stalk rot (155, 356), potato scab (268) and wheat root rot (156,
158).
It is believed, therefore, that adverse changes in cation
accumulation and in plant morphology associated with nitrapyrin
may be a manifestation of ammonium toxicity (26, 28, 29, 223)
and/or of mineral deficiences resulting from metal chelation (74,
101, 111, 289) and/or from alterations in cell membrane activity
or integrity (16, 26, 59, 89, 222, 223, 225, 233, 249, 270, 382,
385, 386).
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Chloroplast Ultrastructure

Since chloroplasts are the site of the life-sustaining pro¬
cess of phytosynthesis, electron microscopy utilizing the tech¬
niques of ultramicrotomy, negative-staining, surface-shadowing and
freeze-etching has been directed to elucidating the ultrastructure
of the chloroplast.

It has become recognized that mature algal

and phanerogamic chloroplasts consist of a lipoprotein lamellar
system of thylakoids and grana embedded in a granular, protein¬
aceous stroma containing DNA, ribosomes, starch grains, osmiophilic piastoglobuli and an occasional microbody which is sur¬
rounded by the double-membraned chloroplast envelope (112, 132,
136, 149, 174, 185, 187, 189, 193, 219, 235, 236, 237, 251, 254,
306, 325, 334, 340, 365, 366, 367, 379).

The photosynthetic pho¬

tochemical light reactions of photosystem I and photosystem II are
localized within the chlorophyl1-containing thylakoidal membranes
of the grana and stroma and the biochemical dark reactions associ¬
ated with the Calvin Cycle occur within the stromal matrix (64,
148, 245, 306, 310, 311, 352).
The occurrence of crystalline inclusions in chloroplasts of
several plant species has also been documented, but their chemical
composition and physiological significance is still controversial.
Some investigators have identified the plastid inclusions as
fraction-I protein associated with the crystal 1ization of stromal
material (85, 314).

Other researchers believe the crystalline
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bodies are aggregates of protein and/or lipoprotein affiliated
with the development (8, 83, 263, 271) or the dilation (103, 153,
221) of thylakoid membranes.

It has also been reported that the

inclusions are iron-protein complexes, phytoferritin, which are
believed to store iron in a non-toxic form during plastid differ¬
entiation (166, 260, 287, 288, 339) as well as at the onset of
senescence (40, 84, 308, 309).

Altered Chloroplast Ultrastructure

Chlorosis, which denotes loss of plastid integrity and subse¬
quent decline of photosynthetic activity, is one of the earliest
visible facets of leaf senescence (68, 164, 333, 380, 381).

De¬

tailed descriptions of the ultrastructure of the sequential mor¬
phological disintegration of chloroplasts are readily available
(39, 40, 68, 83, 96, 114, 164, 165, 204, 291, 312, 345, 376, 378).
Although the sequence of changes may vary among plant species,
large osmiophilic piastoglobuli within chloroplasts are the most
conspicuous indicator of leaf senescence (68, 93, 193, 380, 381).
Such is believed to be an accumulation of lipophilic plastidquinones originating from thylakoid breakdown (39, 68, 165).

There¬

fore, other changes include degeneration of the chloroplast grana
and starch granules as well as disruption of the chloroplast en¬
velope, tonoplast and plasmalemma and subsequent cellular disor¬
ganization (39, 96, 250, 380).

In general, the chloroplasts be-

9

come spherical in shape, reduced in size and often fewer in num¬
ber (68, 312, 381).

Similar findings have been reported in ultra-

structural studies involved with environmental stress (20, 70,
113, 293, 294, 331, 335, 336, 344, 370), genetic alteration (17,
154, 252, 304, 305, 343, 358, 359), plant pathogenesis (5, 88, 91,
99, 118, 173, 178, 186, 264, 272, 313, 320, 350, 369), treatment
with enzymes (234) or herbicides (10, 13, 14, 16, 35, 36, 38, 44,
49, 72, 77, 97, 119, 135, 141, 143, 150, 301, 364, 374) and min¬
eral nutrient deficiencies and/or toxicities (51, 108, 140, 160,
167, 206, 216, 220, 265, 267, 273, 274, 281, 297, 308, 326, 337,
338, 339, 346, 354, 368, 372).
In relationship to the effects of chlorosis-inducing herbi¬
cides on chloroplast ultrastructure, Geronimo and Herr (119) ob¬
served the same sequence of plastid degeneration caused by pyriclor on tobacco mesophyll chloroplasts as those induced by atrazine on kidney bean (14) and barnyard grass (150), by sandoz 6706
on wheat (35) and by halozydine on barley and radish (97).

Change

included swelling of the grana-fret membranes, inception of a
spherical appearance, disappearance of starch, loss of ribosomes
and rupture of the chloroplast envelope (119).

Each compound has

been found to be an effective inhibitor of biochemical reactions
occurring in chloroplasts (128) although the primary effect of
the herbicide action may be associated with basic differentiation
steps which are required in the light-stimulated biosynthesis of
chloroplasts and leaf microbodies (105).

The possible mode of

10

action of these herbicides is the inhibition of the synthesis or
the accumulation of carotenoids which normally protect chloroplasts and chlorophyll pigments from photooxidation (9, 37, 67,
123, 142, 384).
Chlorosis, necrosis and leaf senescence are also typical
symptoms of plant nutrient disorders.

Deficiencies or toxicities

of virtually all essential nutrient elements affect the rate of
photosynthesis and ultimately alter the photosynthetic apparatus
of higher plants (15, 27, 41, 42, 43, 55, 56, 69, 77, 80, 110,
239, 265, 327).

Attempts to correlate specific alterations of

chloroplast ultrastructure with a particular nutrient deficiency
or toxicity are difficult due to variations among plant species,
leaf age, growing conditions, soil properties and the extent of
the malnutrition (27, 140, 372).
Moreover, deficiency or toxicity of an individual nutrient
may affect the availability of other nutrients via competitive
uptake and translocation, resulting with effects of several de¬
ficiencies or toxicities rather than a pattern specific to the
mineral element tested (66, 80, 110, 239, 328).

For example,

heavy metal toxicity from excess Cd, Cu, Ni or Zn in sludge has
been found to induce leaf chlorosis associated with Fe deficiency
(7, 63, 110, 195, 241, 290) and, conversely, excess Fe has been
shown to intensify Zn deficiency (7).
Nevertheless, distinctive leaf chloroplast types have been
associated with conditions of Fe, K, Mg and N (372) and of K, Mg,
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N, P and Zn deficiency (337) in pinto bean, of Fe and N deficiency
in mesophyll cells of maize, spinach and tomato (355), of Ca, K,
N, Mg, P and S in maize (143), of Ca, K and Mg of tomato (274),
of Fe in maize (326), sunflower (339) and bean (308) and of NH^+
toxicity of tomato (273).

The extent of chloroplast degradation

is believed to be an indication of the degree to which a mineral
deficiency or toxicity causes premature senescence of leaves of
plants (27, 354, 372).
Therefore, a comparative study of chloroplast ultrastructure
of leaves from plants treated with various N sources with and
without nitrapyrin and of leaves from plants treated with or with¬
out micronutrients will give insight regarding the effects of ni¬
trogen fertilizers and/or nitrification inhibitors or micronutri¬
ents on plant mineral nutrition.

CHAPTER

II

THE EFFECTS OF NITRAPYRIN AND NITROGEN FERTILIZERS ON THE
ULTRASTRUCTURE OF MESOPHYLL CELL CHLOROPLASTS OF RADISH

Introduction

Nitrogen, which is used extensively in mineral fertilizers,
is believed to be the most limiting nutrient in current agricul¬
tural practices due to its mobility and the numerous mechanisms
of loss.

The demand for increasing the world-wide food supply,

accompanied with the escalating energy costs of fertilizer pro¬
duction and the growing concern over environmental health, has
prompted basic and applied research devoted toward maximizing
nitrogen utilization by crops.
Regardless of the nitrogen source (ferti1izers, biological
fixation, soil organic matter, sewage and manures), ammonium-N is
oxidized to nitrite-N and subsequently oxidized to nitrate-N by
soil microorganisms, Nitrosomonas sp. and Nitrobacter sp., re¬
spectively, via the process known as nitrification.

The soluble

nitrate-N is then assimilated by plants or lost beyond the root
zone by leaching and/or denitrification.

Depending on environmen¬

tal conditions, the nitrate-N pool promotes potential health haz¬
ards to humans and animals due to toxic nitrate levels in vege¬
tables and drinking water.

Consequently, nitrification commands

a central role in the soil N cycle and demands attention regarding
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the effective management and utilization of nitrogen.
In an attempt to reduce the amount of fertilizer N in the ni¬
trate (NO^ ) form, research has been conducted with slow-release
fertilizers and more recently with nitrification inhibitors.

Ni-

trapyrin (2-chloro-6-(trichloromethyl)pyridine) manufactured by
the Dow Chemical Company and sold under the trade name "N-Serve"
has been widely evaluated for the inhibition of nitrification.
It maintains fertilizer N in the ammonium form by controlling the
population of Nitrosomonas sp. bacteria.

Field and greenhouse

research with nitrapyrin has shown that nitrification can be in¬
hibited for substantial periods of time and in addition, some in¬
creases in crop yields have been obtained.
Although nitrapyrin has the potential for being an effective
means of controlling nitrate accumulation in vegetables and re¬
tarding N losses from leaching and denitrification, phytotoxicity
from the use of nitrapyrin has been observed.

Toxicity symptoms

ranging from restriction of growth to leaf chlorosis and auxin¬
like growth alterations have been cited and apparently vary ac¬
cording to the concentration of nitrapyrin and the nitrogen source
utilized per plant species.

Nitrapyrin toxicity may be a result

of ammonium-N toxicity and/or be a manifestation of a mineral nu¬
trient deficiency since decreased calcium and magnesium concentra¬
tions in plants treated with nitrapyrin have also been documented.
Since chloroplasts are the first plant organelles to be dis¬
rupted during the onset of senescence, electron microscopy studies
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on leaves have been performed to study the effects of mineral nu¬
trient deficiencies, pathogenesis and environmental stress on
plants.

Therefore, a comparative ultrastructural investigation of

some leaf chloroplasts of radish (Raphanus sativus L., cv. 'Cherry
Belle') treated with various N sources with and without nitrapyrin
provided information regarding the effects of various N fertil¬
izers and the possible mode of action of the nitrification inhib¬
itor, nitrapyrin.

Materials and Methods

Treatments and plant material.

Treatments consisted of three

inorganic nitrogen sources (potassium nitrate/14-0-35, ammonium
sulfate/21-0-0, urea/46-0-0) and three organic nitrogen sources
(Milorganite/Milwaukee sludge/6-4-1, Mergreen/Chicago sludge/
5-4-0, Bovung/cow manure/2-1-2) which were applied at a rate of
800 mg N per 1200 g soil with and without the presence of nitra¬
pyrin (0 and 10 ppm, w/w).

Except for KN03 and (NH4)2S04, the

fertilizers and the nitrification inhibitor were combined with the
growing medium (7 parts sandy loam, 3 parts peat moss and 2 parts
sand by volume) by means of rotation in an 18-liter rotary drum
for 10 minutes each.
Radish seeds (Raphanus sativus L., cv. 'Cherry Belle') were
sown into 15 cm azalea pots containing 1200 g of soil (28 February
1977) and were placed in the greenhouse, using a completely ran-
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domized block design with three replicates per treatment.

Upon

emergence, seedlings were thinned to five uniform plants per pot,
and the nitrogen treatments providing NO^-N or NH^-N were applied
as KNO^ or (NH^^SO^ in demineralized water in increments of 200
mg of N and at 3-day intervals thereafter until completion of the
treatments.

The first-two true leaves of three plants per pot

were removed (15 March 1977) for electron microscopy.

Electron microscopy.

Upon removal from the plants, the first-two

true leaves of the three radish plants in each pot were immedi¬
ately placed into vials containing 2% glutaraldehyde (0.05M sodium
cacodylate, pH 7.3).

Subsequently, leaves were placed in petri

dishes containing the 2% glutaraldehyde fixative and a 1 cm x 1 cm
section of tissue was dissected from each leaf according to Rufner
(293, 294), placed into vials containing fresh 2% glutaraldehyde
for 2 h, buffer-washed and post-fixed in 2% osmium tetroxide
(0.05M sodium cacodylate, pH 7.3) for 2 h.

After several washes

with the 0.05M sodium cacodylate buffer, the samples were
dehydrated in graded ethanols and embedded in Epon 812 (199) in
Beem capsules, resulting with 18 blocks per treatment.

Six blocks

per treatment (72 total) were selected at random and were sec¬
tioned with a Diatome 2 mm diamond knife on an LKB Ultratome III
ultramicrotome at a speed of 2.0 mm/sec.

Silver sections approx-

o

imately 600A in thickness were mounted on 400-mesh naked copper
grids and were stained for 20 min with 5% (wt/vol) uranyl acetate
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followed by 20 min with 0.4% (wt/vol) lead citrate (282).

The

stained sections were immediately examined with a Zeiss EM 9S-2
transmission electron microscope at an accelerating voltage of
60kV.

In addition to taking micrographs of individual chloro-

plasts at a working magnification of 9,500 X, the number of
chloroplasts per cell of thirty cells per treatment (5 cells/
block) were counted and recorded.

Standard photographic methods

were employed to develop and to print the electron micrographs.

Computer image and data analysis.

To perform a quantitative anal¬

ysis of the effects of nitrapyrin and six nitrogen fertilizers on
the ultrastructure of radish mesophyll cell chloroplasts, three
micrographs of individual chloroplasts (28,500 X) per block sec¬
tioned were selected at random (18 micrographs/treatment) and were
numbered in accordance with a mathematical model for a completely
randomized factorial design (Table 1A).

Each of the 216 micro¬

graphs was placed on a horizontal sonic-sensory screen and measured
with a Graf Pen, Model GP3, Science Accessories Corporation (0.10
mm resolution) connected to a N0VA-3 Data General minicomputer
system (81).

The "Program Chloroplast", written upon request by

Jean Paul Boucher of the University of Massachusetts Department
of Exercise Science, was used to quantitate the digitized points
for total chloroplast area and stroma area, as well as the num¬
ber, area and percent of total area of starch grains, starch
grain spaces, plastoglobuli, grana, frets, total thylakoids and
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TABLE 1.

DIGITIZING OF CHLOROPLAST MICROGRAPHS

A.

MICROGRAPH NUMBERS
LEVEL OF NITRAPYRIN

FERTILIZER
TYPE
(800 mg N/kg soi1)

FERTILIZER
GROUP

0 ppm

10 ppm

POTASSIUM NITRATE

11101 - 11118

12101 - 12118

UREA

11201 - 11218

12201 - 12218

AMMONIUM SULFATE

11301 - 11318

12301 - 12318

MILORGANITE

21101 - 21118

22101 - 22118

MERGREEN

21201 - 21218

22202 - 22218

BOVUNG

21301 - 21318

22301 - 22318

INORGANIC

ORGANIC

EXPERIMENTAL DESIGN

B.

PRINT-OUT OF "PROGRAM CHLOROPLAST" DATA

RESULTS FOR CHLOROPLAST 11101
CHLOROPLAST TOTAL AREA = 8.96 um2
AREA
0.35
0.55
0.08
1.27

#

STARCH GRAIN(S)
STARCH GRAIN SPACE(S)
PLASTOGLOBULI
ALL THYLAKOIDS
GRANUM(A)
FRETS
DNA AGGREGATES
STROMA
TOTAL

2
2
6
183
26
24
2

%
3.89
6.14
0.95
14.23
1.11
0.17

0.01
6.69

# TH/GR

12.36
1.87
0.11
74.69
100.00

6.12
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DNA aggregates of each chloroplast (Figure 1).

In addition, the

number of thylakoids per granum were counted and recorded via the
screen program-control module, noting that the average number per
chloroplast was automatically calculated.

Micrograph identifica¬

tion numbers were entered and data from each chloroplast digitized
were printed on a terminal (Data General Dasher) (Table IB) and
stored on diskette files.

The chloroplast data, as well as values

obtained from counting the number of chloroplasts per cell, were
entered on files at the University Computing Center in an appro¬
priate format for analyses via a CYBER 70 computer (Table 2).
Frequency and distribution plots were calculated for all cell
and chloroplast data.

Except for three chloroplast variables,

namely, number of starch grains, number of starch grain spaces and
number of DNA aggregates, the data satisfied the assumptions nec¬
essary for an analysis of variance by displaying homogeneity of
variance and normal, continuous distribution (324, 377).

Associ¬

ation of data of the cited non-continuous variables was measured
with a log-linear model.

Data for the number of chloroplasts per

cell and the number of grana, stromal thylakoids and plastoglobuli
per chloroplast were also tested by use of the Chi-Square Goodness
of Fit Test, but square-root transformations for binomial distri¬
bution were not necessary since the data did not exhibit a Poisson
distribution (1, 324).
Determination of value correlation and analysis of principle
components of the 25 chloroplast variables revealed that number,
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Figure 1. A representation of digitizing chloroplast micro¬
graphs showing (a) quantization coordinates for chloroplast area
(CA), DNA aggregate (DA), granum (6), piastoglobulus (Pg), starch
grain (SG), starch grain space (SGS) and stromal thylakoids (ST)
as well as (b) sonar-pen points obtained from quantizing micro¬
graph (a), noting that the scale-factor was constant (2.85 cm =

1 pm).

1 pm
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TABLE 2.

COMPUTER ANALYSES OF CELL AND CHLOROPLAST DATA

PROGRAM

DESCRIPTION

BIOMEDICAL (95)
BMDP2D

DETAILED DATA DESCRIPTION, INCLUDING
HISTOGRAMS OF FREQUENCIES AND
DISTRIBUTION LINE PLOTS OF CELL AND
CHLOROPLAST DATA.

BMDP8D

DETERMINATION OF VALUE CORRELATION OF
CHLOROPLAST VARIABLES.

BMDP3F

LOG-LINEAR MODEL MEASUREMENT OF ASSOCI¬
ATION FOR NON-CONTINUOUS FREQUENCIES
OF CHLOROPLAST NUMBER VARIABLES.

BMDP4M

FACTOR ANALYSIS OF PRINCIPLE COMPONENTS
FOR CORRELATION VERIFICATION OF
CHLOROPLAST VARIABLES.

BMDP8V

GENERAL MIXED-MODEL ANALYSIS OF VARI¬
ANCE FOR EQUAL CELL SIZES OF CELL AND
CHLOROPLAST DATA.

KROLL (179)
RICC

ESTIMATION OF RELIABILITY BY INTRACLASS
CORRELATION COEFFICIENTS.

STATISTICAL PACKAGE
FOR THE SOCIAL
SCIENCES (163, 242')
SPSS-MANOVA

GENERAL MIXED-MODEL MULTIVARIATE ANAL¬
YSIS OF VARIANCE OF ALL CHLOROPLAST
VARIABLES AND ANALYSIS OF VARIANCE OF
CHLOROPLAST ORTHOGONAL COMPARISONS.
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area and percent of starch grain spaces, total thylakoids and area
of stroma were highly correlated with number, area and percent of
starch grains, grana and/or frets and total chloroplast area, re¬
spectively.

Therefore, an analysis of variance was not assessed

for all chloroplast variables (1, 48, 324).

Treatment means and

an analysis of variance of data from the number of chloroplasts
per cell and from 10 chloroplast variables have been included
separately while means of chloroplast variables for nitrapyrin or
fertilizer effects have been considered collectively.
In addition, data for determining variable measurement con¬
sistency and precision were obtained by digitizing six chloroplast
micrographs three times each on two separate days, noting that one
micrograph was selected at random from each fertilizer treatment
with 0 ppm nitrapyrin.

Test reliability and intraclass correla¬

tion coefficients for within and between days were calculated for
each chloroplast measurement (179, 298).

Results and Discussion

Since nitrapyrin toxicity has been associated with an excess
of ammonium-N, leaves of radish plants grown in potassium nitrate
and treated with 0 ppm or 10 ppm nitrapyrin have been considered
as controls for comparative treatment effects.

Furthermore, fer¬

tilizer types have been discussed according to group, namely, in¬
organic or organic, for leaf appearance, number of chloroplasts
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per mesophyll cell as well as chloroplast ultrastructure.

Leaf appearance.

The first-two true leaves of potassium nitrate

or urea grown plants were similar in appearance being normal sized, dark green leaves at 0 ppm nitrapyrin and small, dark
green leaves at 10 ppm nitrapyrin (Table 3).

Leaves of ammonium

sulfate plants grown with 0 ppm or 10 ppm nitrapyrin, however,
exhibited gray, necrotic areas typical of ammonium toxicity, but
a light-green leaf coloration with 10 ppm nitrapyrin was suggestive
of nitrapyrin-specific phytotoxicity.

The most noticeable symp¬

toms of nitrapyrin toxicity were marginal chlorosis and chlorotic
mottling accompanied with a dramatic reduction in size of leaves
of plants grown with the organic fertilizers Milorganite or Bovung
plus 10 ppm nitrapyrin.

Leaves of plants grown in Mergreen with

nitrapyrin were reduced in size but not chlorotic.

These visual

characteristics of leaves from radish plants grown in the cited
inorganic or organic fertilizers with 0 ppm or 10 ppm nitrapyrin
agree with those observed by Barker and Laplante (28).

Number of chloroplasts per mesophyll cell.

As noted in Table 4,

the incorporation of 10 ppm nitrapyrin with inorganic or organic
fertilizers highly significantly reduced the number of chloro¬
plasts per mesophyll cell.

In addition, the mean values for

chloroplast number per cell with 0 ppm or 10 ppm nitrapyrin were
correlated with the characteristic appearance of leaves of the
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TABLE 3. APPEARANCE OF THE FIRST-TWO TRUE LEAVES OF TWO-WEEK
OLD RADISH (Raphanus sativus L., cv. 'Cherry Belle') PLANTS
LEVEL OF NITRAPYRIN, ppm
GROUP

FERTILIZER
0

INORGANIC

ORGANIC

10

POTASSIUM NITRATE

NORMAL SIZE
DARK GREEN

SMALL
DARK GREEN

UREA

NORMAL
DARK GREEN

SMALL
DARK GREEN

AMMONIUM SULFATE

LARGE
DARK GREEN
GRAY, NECROTIC
AREAS+

LARGE
LIGHT GREEN
GRAY, NECROTIC
AREAS+

MILORGANITE

SMALL
DARK GREEN

STUNTED
DARK GREEN
MARGINAL CHLOROSIS
CHLOROTIC MOTTLING

MERGREEN

NORMAL
DARK GREEN

SMALL
LIGHT GREEN

BOVUNG

SMALL
DARK GREEN

SEVERELY STUNTED
YELLOW GREEN
MARGINAL CHLOROSIS
CHLOROTIC MOTTLING

+ Typical symptom of ammonium toxicity.
Plants per pot = 3, replicates = 3, plants per treatment = 9
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TABLE 4. THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON NUMBER OF CHLOROPLASTS PER MESOPHYLL CELL

TREATMENT MEANS
LEVEL OF NITRAPYRIN, ppm
FERTILIZER

GROUP

INORGANIC

0

10

POTASSIUM NITRATE

14.7

10.4

UREA

15.5

10.5

9.8

6.2

MILORGANITE

11.8

7.2

MERGREEN

12.3

8.4

BOVUNG

11.7

5.8

AMMONIUM SULFATE

ORGANIC

ANALYSIS OF VARIANCE

SOURCE

MEAN SQUARE

df

LEVEL OF NITRAPYRIN

1

1872.3

**

GROUP

1

251.7

**

251.2

*★

4 J
FERTILIZER (G)
' POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

168.1
760.0
54.4
22.5

1
1
1
1

**
*
NS

LG

1

5.6

NS

LF(G)

4

10.1

NS

348

10.0

ERROR = MICROGRAPH (LGF)

*, ** Difference significant at the 0.05 and 0.01 levels of proba¬
bility, respectively.
NS

= Nonsignificant.

N

= 360.

26

twelve treatments (Table 3).

For instance, the normal, dark green

leaves of potassium nitrate or urea radish plants growth with 0
ppm nitrapyrin had an average of 15 chloroplasts per cell whereas
the small, dark green leaves of Milorganite or Bovung plants with
no nitrapyrin had an average of 12 chloroplasts per cell.

Simi¬

larly, leaves of plants with symptoms of nitrapyrin toxicity had
the fewest number of chloroplasts.

Of particular interest was the

reduction in the number of mesophyll chloroplasts per cell from
plants grown with potassium nitrate plus 10 ppm nitrapyrin (Fig¬
ure 2b) relative to 0 ppm nitrapyrin (Figure 2a).
According to Possingham (266), reduction in chloroplast num¬
ber per cell is a direct result of decreased division of chloro¬
phyll-containing plastids during chloroplast differentiation,
noting that the majority of chloroplasts are formed after leaf
emergence.

Although light commands the predominant role in the

development of plastids, hormonal activity, nutritional status
and water stress greatly affect the differentiation of chloro¬
plasts by regulating such mechanisms as protein and chlorophyll
synthesis, enzyme activation, membrane permeability and cell-con¬
stituent translocation (64, 148, 183, 188, 265, 266, 327, 360).
It is plausible, therefore, to consider that the presence of ni¬
trapyrin (10 ppm) retarded plastid ontogenesis by altering the
permeability of membranes and/or the availability of metabolites
necessary for the synthesis of proteins and photosynthetic pig¬
ments.
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Figure 2. Representative mesophyll cells from potassium
nitrate grown Raphanus sativus L. plants treated with (a) 0 ppm
nitrapyrin and (b) 10 ppm mtrapyrin. The structures included in
the micrographs are chloroplast (c), intracellular space (IS) and
vacuole (V).
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Chloroplast ultrastructure.

To obtain further insight regarding

the effect of nitrapyrin and/or six nitrogen fertilizers on leaf
chloroplasts of Raphanus sativus L., cv. 'Cherry Belle', electron
microscopy was performed on the mesophyll parenchyma cells of the
twelve treatments.

Although only one chloroplast micrograph rep¬

resentative of each treatment has been included, the results of
the analysis of chloroplast data have been derived from digitizing
eighteen chloroplasts per treatment.

The variance estimates and

intraclass reliability coefficients in Table 5 indicate that the
data obtained by digitizing were extremely precise and highly
reliable.
The biconcave chloroplasts from leaves of radish plants grown
with potassium nitrate with 0 ppm nitrapyrin (Figure 3a) were sur¬
rounded by the double-membraned chloroplast envelope and were sep¬
arated from the ribosomal-containing cytoplasm by the tonoplast
and the plasmalemma.

The pronounced grana-fretwork lamellar sys¬

tem which had an average of 29 grana with an average area of 0.85
pm

(Tables 6 and 7) was evenly distributed throughout the fine,

granular stroma.

The grana, with an average of 4.1 thylakoids per

granum (Table 8), were highly compartmentalized and were connected
to one another by regularly spaced, parallel stromal thylakoids
or frets (Tables 9 and 10).

Irregular-shaped starch grains, with

an average area of 1.2 pnr (Table 11), were apparent in the
stroma, noting that the marginal zone of low electron density sur¬
rounding the starch grains referred to as the starch grain space
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TABLE 5.

VARIANCE ESTIMATES (<j2) AND INTRACLASS RELIABILITY
COEFFICIENTS (R) FOR CHLOROPLAST VARIABLES

TRIAL
(a2)

DAY
(a2)

TRUE SCORE++
(a2)

6RANA

0.00

0.00

35.20

1.00

STROMAL THYLAKOIDS

0.00

0.00

1.90

1.00

TOTAL THYLAKOIDS

0.00

0.00

730.67

1.00

THYLAKOIDS/GRANUM****

0.00

0.00

0.47

1.00

STARCH GRAINS

0.00

0.00

0.30

1.00

STARCH GRAIN SPACE

0.00

0.00

0.30

1.00

PLASTOGLOBULI

0.00

0.00

6.40

1.00

DNA AGGREGATES

0.00

0.00

4.56

1.00

GRANA

0.00

0.00

0.04

0.99

STROMAL THYLAKOIDS

0.00

0.00

0.00

1.00

TOTAL THYLAKOIDS

0.00

0.00

0.04

0.99

STARCH GRAINS

0.00

0.00

0.02

0.99

STARCH GRAIN SPACE

0.00

0.00

0.02

0.99

PLASTOGLOBULI

0.00

0.00

0.00

1.00

DNA AGGREGATES

0.00

0.00

0.01

0.99

STROMA

0.00

0.00

2.17

0.99

TOTAL AREA

0.00

0.00

3.43

0.99

CHLOROPLAST VARIABLE

RELIABILITY
(R)

NUMBER PER CHLOROPLAST

AREA PER CHLOROPLAST

++

Estimate of variance for total chloroplast population.

**** Average number per chloroplast.
Trial = 3, Day = 2, Micrographs = 6, N = 36.
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TABLE 6.

THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON NUMBER OF GRANA PER CHLOROPLAST

TREATMENT MEANS
LEVEL OF NITRAPYRIN, ppm
GROUP

FERTILIZER
0

INORGANIC

ORGANIC

10

POTASSIUM NITRATE

29.4

25.0

UREA

30.2

28.2

AMMONIUM SULFATE

34.4

24.7

MILORGANITE

39.1

24.8

MERGREEN

37.4

29.9

BOVUNG

29.1

16.4

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

3825.4

**

GROUP

1

33.4

NS

FERTILIZER (G)
4
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

649.1
1
1
1
1

LG

1

501.1

LF(G)

4

126.5

204

29.8

ERROR = MICROGRAPH (LGF)

★
NS
*★
NS

117.0
2.3
2426.7
50.0
«

**
**

*, ** Difference significant at the 0.05 and 0.01 levels of proba¬
bility, respectively.
NS

= Nonsignificant.

N

= 216.
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TABLE 7.

THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON GRANA AREA (ym^) PER CHLOROPLAST

TREATMENT MEANS
LEVEL. OF 1NITRAPYRIN, ppm
FERTILIZER

GROUP

10

0

INORGANIC

ORGANIC

POTASSIUM NITRATE

0.85

0.73

UREA

1.05

0.92

AMMONIUM SULFATE

1.21

0.63

MILORGANITE

1.20

0.55

MERGREEN

0.91

0.75

60VUNG

0.84

0.51

ANALYSIS OF VARIANCE

SOURCE

MEAN SQUARE

df

LEVEL OF NITRAPYRIN

1

4.42

**

GROUP

1

0.70

**

0.41

**

4
FERTILIZER (G)
' POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

0.14
0.43
0.92
0.01

1
1
1
1

NS
**
**
NS

LG

1

0.51

**

LF(fi)

4

0.44

**

204

0.05

ERROR = MICROGRAPH (LGF)
**

Difference significant at the O.Ol level of probability.

NS = Nonsignificant.
N

= 216.

TABLE 8.

THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON AVERAGE NUMBER OF THYLAKOIDS PER GRANUM

TREATMENT MEANS
LEVEL OF NITRAPYRIN, ppm
GROUP

FERTILIZER
0

INORGANIC

ORGANIC

10

POTASSIUM NITRATE

4.1

3.7

UREA

4.3

3.9

AMMONIUM SULFATE

3.5

3.1

MILORGANITE

3.7

2.9

MERGREEN

3.3

2.9

BOVUNG

3.5

2.5

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

16.5

**

GROUP

1

18.7

**

3.4

**

FERTILIZER (G)
4
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

1
1
1
1

1.2
10.7
1.2
0.4

NS
**
NS
NS

LG

1

1.2

NS

LF(G)

4

0.5

NS

204

0.4

ERROR = MICROGRAPH (LGF)
**

Difference significant at the O.Ol level of probability.

NS = Nonsignificant.
N

= 216.
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TABLE 9. THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON NUMBER OF STROMAL THYLAKOIDS PER CHLOROPLAST

TREATMENT MEANS

GROUP

INORGANIC

ORGANIC

LEVEL OF NITRAPYRIN, ppm
0
10

FERTILIZER

POTASSIUM NITRATE

19.4

21.7

UREA

12.9

18.2

AMMONIUM SULFATE

26.1

22.2

MILORGANITE

22.1

17.5

MERGREEN

21.4

26.0

BOVUNG

25.7

10.1

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

220.0

kk

GROUP

1

8.2

NS

490.8

kk

FERTILIZER (G)
4
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

1
1
1
1

12.0
1326.1
352.7
272.2

LG

1

547.9

LF(G)

4

559.5

204

23.8

ERROR = MICROGRAPH (LGF)
**

kk
kk

kk

Difference significant at the 0.01 level of probability.

NS = Nonsignificant.
N

NS
**

= 216.
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TABLE 10. THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON STROMAL THYLAKOID AREA (ym2) PER CHLOROPLAST

TREATMENT MEANS
LEVEL OF NITRAPYRIN, ppm
GROUP

FERTILIZER

INORGANIC

ORGANIC

0

10

POTASSIUM NITRATE

0.139

0.188

UREA

0.105

0.154

AMMONIUM SULFATE

0.232

0.181

MILORGANITE

0.176

0.131

MERGREEN

0.180

0.223

BOVUNG

0.211

0.100

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

0.002

NS

GROUP

1

0.001

NS
**

FERTILIZER (G)
4
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

0.032
1
1
1
1

0.001
0.105
0.003
0.023

NS
★★
NS
**

LG

1

0.023

kk

LF(G)

4

0.058

kk

204

0.002

ERROR = MICROGRAPH (LGF)
**

Difference significant at the 0.01 level of probability.

NS = Nonsignificant.
N

=216.
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TABLE 11.

THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON STARCH GRAIN AREA (ym2) PER CHLOROPLAST

TREATMENT MEANS
LEVEL OF NITRAPYRIN, ppm
GROUP

T7Ff?
rFFUTTI
Qr\ 1 1 L I
LiLi\

INORGANIC

ORGANIC

0

10

POTASSIUM NITRATE

1.22

1.45

UREA

0.71

1.37

AMMONIUM SULFATE

1.28

1.35

MILORGANITE

0.91

0.75

MERGREEN

0.92

0.98

BOVUNG

1.21

1.02

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

0.34

GROUP

1

3.67

NS
**

0.84

**

4
FERTILIZER (G)
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

1
1
1
1

0.92
1.00
1.26
0.33

NS
★
*
NS

LG

1

1.97

**

LF (G)

4

0.46

NS

204

0.24

ERROR = MICROGRAPH (LGF)

*, ** Difference significant at the 0.05 and 0.01 levels of proba
bility, respectively.
NS =

Nonsignificant.

N

216.

=
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has been considered to be a result of shrinkage during the process
of tissue dehydration (185).

PIastoglobuli (Tables 12 and 13) and

electron opaque DNA aggregates (Table 14) were also evident within
the stromal matrix.

The chloroplasts had an average total area of

12.10 um2 (Table 15).
In addition to reduced total area (Table 15), the most noticeable distinction observed for chloroplasts from leaves of
plants grown in potassium nitrate plus 10 ppm nitrapyrin (Figure
3b) was a reduction in the grana-fretwork system; number and area
of grana (Tables 6 and 7) as well as the number of thylakoids per
granum (Table 8) were considerably decreased while the number and
area of stromal thylakoids (Tables 9 and 10) increased relative
to 0 ppm nitrapyrin, suggestive of lower photosystem II photosyn¬
thetic activity (245, 254, 311, 352) in addition to nitrapyrinspecific phytotoxicity.

The number and area of piastoglobuli were

also decreased (Tables 12 and 13) when compared to potassium ni¬
trate chloroplasts with no nitrapyrin.

The area of starch grains

and DNA aggregates, however, were not markedly altered (Tables 11
and 14) and the chloroplast envelope, plasmalemma and tonoplast
remained intact.
Since decreased leaf content of Ca and Mg has been associated
with use of nitrapyrin, it should be noted that similar changes
in the appearance of the lipoprotein grana-fretwork system, i.e.,
decreased number and area of grana and number of thylakoids per
granum, have been observed with leaf chloroplast ultrastructure
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TABLE 12.

THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON NUMBER OF PLASTOGLOBULI PER CHLOROPLAST

TREATMENT MEANS
LEVEL OF NITRAPYRII\1, ppm
GROUP

FERTILIZER
0

10

12.5

11.9

5.0

14.2

13.9

10.9

7.4

7.4

MERGREEN

11.3

12.3

BOVUNG

12.3

8.2

POTASSIUM NITRATE
INORGANIC

UREA
AMMONIUM SULFATE
MILORGANITE

ORGANIC

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

9.4

GROUP

1

135.4

NS
**

135.7

**

FERTILIZER (G)
4
' POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

36.7
141.6
8.9
355.6

I
1
1
1

NS
**
NS
**

LG

1

114.1

*

LF(G)

4

219.4

**

204

18.8

ERROR = MICROGRAPH (LGF)

*, ** Difference significant at the 0.05 and 0 .01 levels of probaibility, respectively.
NS =

Nonsignificant.

N

216.

=
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TABLE 13. THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON PLASTOGLOBULI AREA (ym2) PER CHLOROPLAST

TREATMENT MEANS

GROUP

FERTILIZER

INORGANIC

ORGANIC

LEVEL OF NITRAPYRIN, ppm
0

10

POTASSIUM NITRATE

0.211

0.091

UREA

0.041

0.092

AMMONIUM SULFATE

0.122

0.093

MILORGANITE

0.152

0.094

MERGREEN

0.112

0.094

BOVUNG

0.142

0.082

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

0.050

**

GROUP

1

0.012

NS

FERTILIZER (G)
4
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

0.035
1
1
1
1

LG

1

0.000

LF(G)

4

0.043

204

0.002

ERROR = MICROGRAPH (LGF)
**

NS
**

Difference significant at the O.Ol level of probability.

NS = Nonsignificant.
N

**
**
NS
NS

0.088
0.032
0.001
0.000

= 216.
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TABLE 14. THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON DNA AGGREGATE AREA (ym2) PER CHLOROPLAST

TREATMENT MEANS
LEVEL OF NITRAPYRIN, ppm
FERTILIZER

GROUP

INORGANIC

ORGANIC

0

10

POTASSIUM NITRATE

0.031

0.035

UREA

0.034

0.038

AMMONIUM SULFATE

0.045

0.056

MILORGANITE

0.030

0.057

MERGREEN

0.034

0.054

BOVUNG

0.048

0.083

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE

LEVEL OF NITRAPYRIN

1

0.012

**

GROUP

1

0.009

**

0.005

**

4
FERTILIZER (G)
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

**
*
**
NS

0.006
0.004
0.011
0.001

1
1
1
1

LG

1

0.009

**

IF(G)

4

0.001

NS

204

0.001

ERROR = MICROGRAPH (LGF)

*, ** Difference significant at the 0.05 and 0.01 levels of proba¬
bility, respectively.
NS =

Nonsignificant.

N

216.

=
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TABLE 15.

THE EFFECT OF NITRAPYRIN AND NITROGEN FERTILIZERS
ON TOTAL AREA (vm2) PER CHLOROPLAST

TREATMENT MEANS

LEVEL OF NITRAPYRIN, ppm
GROUP

FFPTTI
T7FP
1—1 \ 1 1 L iLLr\

1

INORGANIC

ORGANIC

0

10

POTASSIUM NITRATE

12.10

10.62

UREA

12.98

12.78

AMMONIUM SULFATE

12.13/

9.44

MILORGANITE

11.43

6.13

MERGREEN

10.94

10.71

9.95

9.25

BOVUNG

ANALYSIS OF VARIANCE

SOURCE

df

MEAN SQUARE
-

^

L.EVEL OF NITRAPYRIN

1

77.75

**

GROUP

1

91.15

**

20.96

**

FERTILIZER (G)
4
POTASSIUM NITRATE vs AMMONIACAL
UREA vs AMMONIUM SULFATE
MANURE vs SLUDGE
MILORGANITE vs MERGREEN

1
1
1
1

5.42
0.58
0.91
77.10

NS
NS
NS
*★

LG

1

43.75

**

LF(G)

4

80.51

**

204

3.10

ERROR = MICROGRAPH (LGF)

**
Difference significant at the O.Ol level of probability.
NS = Nonsignificant.
N

= 216.
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4

Figure 3. Representative mesophyll cell chloroplasts from
potassium nitrate grown Raphanus sativus L. plants treated with
(a) 0 ppm nitrapyrin and (b) 10 ppm mtrapyrin. The structures
indicated in the micrographs are: cell wall (CW), chloroplast
envelope (CE), cytoplasm (Cy), DNA aggregate (DA), granum (G),
intercellular space (IS), mitochondrion (M), plasmalemma (PI),
piastoglobulus (Pg), starch grain (SG), starch grain space (SGS),
stroma (S), stromal thylakoids (ST), tonoplast (T) and vacuole
(V).

4

cw

1 pm
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for conditions of Ca deficiency of maize (140) and tomato (274)
and for Mg deficiency of maize (140), pinto bean (337) and tomato
(274), as well as for chlorosis-inducing herbicides (14, 35, 97,
119, 150).

Direct micrograph comparisons are not possible due to

variations among plant species, leaf age and type, growing and
treatment conditions, soil properties and electron microscopy fix¬
ation procedures.
The organization of mesophyll cell chloroplasts from plants
grown with the ammoniacal fertilizer, urea, at 0 ppm nitrapyrin
(Figure 4a) or 10 ppm nitrapyrin (Figure 4b) were comparable in
appearance to chloroplasts from potassium nitrate plants without
or with nitrapyrin (Figure 3), respectively.

These observations

correlated with treatment results for leaf appearance (Table 3)
and number of chloroplasts per cell (Table 4).

Chloroplasts from

plants grown with urea at 10 ppm nitrapyrin did, however, contain
larger starch grains (Table 11) and an increased number of plastoglobuli (Table 12).
Radish leaf chloroplasts from plants fertilized with ammonium
sulfate with no nitrapyrin (Figure 5a) had an evenly distributed
grana-fretwork system with an increased number and area of grana
(Tables 6 and 7) and stromal thylakoids (Tables 9 and 10) per
chloroplast when compared to chloroplasts from potassium nitrate
or urea plants.

However, both the grana and stromal thylakoids

appeared to be swollen and the average number of thylakoids per
granum was reduced to 3.5 (Table 8).

Numerous plastoglobuli
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Figure 4. Representative mesophyll cell chloroplasts from
urea grown Raphanus sativus L. plants treated with (a) 0 ppm nitrapyri n and (b) 10 ppm mtrapyrin. The structures indicated in
the micrographs are: cell wall (CW), chloroplast envelope (CE),
cytoplasm (Cy), DNA aggregate (DA), granum (G), intercellular
space (IS), mitochondrion (M), plasmalemma (PI), plastoglobulus
(Pg), starch grain (SG), starch grain space (SGS), stroma (S),
stromal thylakoids (ST), tonoplast (T) and vacuole (V).
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«

Figure 5. Representative mesophyll cell chloroplasts from
ammonium sulfate grown Raphanus sativus L. plants treated with (a)
0 ppm nitrapyrin and (b) 10 ppm nitrapyrin. The structures indi¬
cated in the micrographs are: cell wall (CW), chloroplast envel¬
ope (CE), cytoplasm (Cy), DNA aggregate (DA), granum (G), inter¬
cellular space (IS), mitochondrion (M), plasmalemma (PI), plastoglobulus (Pg), starch grain (SG), starch grain space (SGS), stroma
(S), stromal thylakoids (ST), tonoplast (T) and vacuole (V).
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(Table 12) were also present which has been attributed to break¬
down of thylakoidal membranes during the onset of senescence (39).
Puritch and Barker (273) observed similar characteristies for to¬
mato leaf chloroplasts during ammonium toxicity.
Although leaf chloroplasts from plants grown in ammonium sul¬
fate plus 10 ppm nitrapyrin (Figure 5b) were similar to those re¬
ported for comparable treatments with potassium nitrate or urea,
decreased total area (Table 15) as well as reduction of the granafretwork system was more extensive.

The number and area of grana

per chloroplast were reduced (Table 6 and Table 7), respectively,
with an average of only 3.1 thylakoids per granum (Table 8).
Additional ultrastructural changes included fewer (Table 12) but
larger piastoglobuli (Table 13) and an increased area of DNA
aggregates (Table 14).

While these chloroplasts displayed the

greatest degree of chloroplast structural alteration within the
inorganic fertilizer group, the chloroplast envelope, plasmalemma
and tonoplast were not disrupted.

Furthermore, the grana and

stromal thylakoids were not swollen when compared to chloroplasts
from the ammonium sulfate control, supportive of the nitrapyrinspecific phytotoxicity previously mentioned.
In comparison to leaf chloroplasts from non-treated inorganic
fertilizer plants, chloroplasts from plants grown with the organic
fertilizer, Milorganite, with 0 ppm nitrapyrin (Figure 6a) were
relatively smaller (Table 15) but the grana of the evenly distrib¬
uted grana-fretwork system were greater in number (Table 6) as

50

Figure 6. Representative mesophyll cell chloroplasts from
Milorganite grown Raphanus sativus L. plants treated with (a) 0
ppm nitrapyrin and (b) 10 ppm mtrapyrin. The structures indi¬
cated in the micrographs are: cell wall (CW), chloroplast enve¬
lope (CE), cytoplasm (Cy), DNA aggregate (DA), granum (G), inter¬
cellular space (IS), mitochondrion (M), plasmalemma (PI), plastoglobulus (Pg), starch grain (SG), starch grain space (SGS), stroma
(S), stromal thylakoids (ST), tonoplast (T) and vacuole (V).
Electron-dense deposits at the lateral edges of the grana thylakoidal membrane are also evident (a, arrows).
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well as area (Table 7) per chloroplast and contained an average of
3.7 thylakoids per granum (Table 8).

Also, the number and area

of stromal thylakoids (Tables 9 and 10) were increased when com¬
pared to chloroplasts from potassium nitrate or urea control
plants.

The stromal matrix, surrounded by the intact chloroplast

envelope, contained relatively small starch grains (Table 11),
large piastoglobuli (Table 13) and limited aggregates of DNA
(Table 14).
Of particular interest was the presence of small, distinct
electron-dense deposits at the lateral edges of the grana thylakoidal membranes (Figure 6a).

Globular deposits of uniform size

on grana membranes have also been observed by Sabnis et al. (297)
and are believed to be localized sites of metal ion chelation.
Stabilization of chloroplast structure against heavy metal ion
damage by glutaraldehyde fixation has been successful for exces¬
sive Cd or Co but not for excessive Pb or Zn which inhibits the
photosystem II-dependent evolution of oxygen (346).

The appear¬

ance of these electron-dense deposits is extremely relevant since
soils amended with sludge contain high levels of metal ions, es¬
pecially Cd, Cu, Pb and Zn.
As with plastids from leaves of plants grown with inorganic
fertilizers plus 10 ppm nitrapyrin, leaf chloroplasts from plants
grown with Milorganite and nitrapyrin (10 ppm) were characterized
by decreased total area (Table 15) along with a dramatic reduction
in the grana-fretwork lamellar system (Figure 6b).

When compared
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to chloroplasts from Milorganite control plants (0 ppm nitra¬
pyrin), the number of grana (Table 6), number and area of stromal
thylakoids (Tables 9 and 10), average number of thylakoids per
granum (Table 8), area of starch grains (Table 11) and area of
piastoglobuli (Table 13) decreased while DNA aggregate area (Table
14) per chloroplast increased.

Moreover, no electron-dense depos¬

its associated with localized sites with an affinity for heavy
metals were apparent.

Hence, a probable mode of action of the

nitrification inhibitor, nitrapyrin, was the chelation of metal
ions.
Leaf chloroplasts from plants grown with Mergreen without
nitrapyrin (Figure 7a) were smaller (Table 15) than chloroplasts
from Milorganite controls and contained fewer and smaller grana
(Tables 6 and 7) and stromal thylakoids (Tables 9 and 10) per
chloroplast as well as a reduced number of thylakoids per granum
(Table 8).

The chloroplast area of starch grains (Table 11),

piastoglobuli (Table 13) and aggregates of DNA (Table 14) were
comparable for both sludge fertilizers without nitrapyrin.

De¬

posits on lateral edges of grana thylakoids were also evident
(Figure 7a) but were not as pronounced as those observed with
Milorganite (Figure 6a).
The incorporation of 10 ppm nitrapyrin with Mergreen was less
deleterious to the structural integrity of mesophyll cell chloro¬
plasts (Figure 7b) than with Milorganite.

Nevertheless, total

area (Table 15), grana number and area (Tables 6 and 7) and aver-
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Figure 7. Representative mesophyll cell chloroplasts from
Mergreen grown Raphanus sativus L. plants treated with (a) 0 ppm
nitrapyrin and (b) 10 ppm nitrapyrin. The structures indicated
in the micrographs are: cell wall (CW), chloroplast envelope
(CE), cytoplasm (Cy), DNA aggregate (DA), granum (G), intercellu¬
lar space (IS), microbody (Mb), plasmalemma (PI), plastoglobulus
(Pg), starch grain (SG), starch grain space (SGS), stroma (S),
stromal thylakoids (ST), tonoplast (T) and vacuole (V). Electrondense deposits at the lateral edges of the grana thylakoidal mem¬
brane are also evident (a, arrows).
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age number of thylakoids per granum (Table 8) were reduced in
chloroplasts from plants grown with Mergreen plus 10 ppm nitrapyrin relative to 0 ppm nitrapyrin.

Additional ultrastructural

changes included increases with the number and area of stromal
thylakoids (Tables 9 and 10), the number and area of piastoglobuli
(Tables 12 and 13) and the area of DNA aggregates (Table 14).
Furthermore, no electron-dense deposits were evident on thylakoidal membranes of the grana.

This finding was consistent with

observations for chloroplasts from plants grown with Milorganite
and nitrapyrin (10 ppm) and supportive of the metal chelation
mode of action of nitrapyrin.
When compared to treatment controls previously discussed,
chloroplasts from leaves of Bovung grown plants without nitrapyrin
(Figure 8a) were comparatively smaller (Table 15) and contained
the least number of grana per chloroplast (Table 6).

The number

and area of stromal thylakoids (Tables 9 and 10), average number
of thylakoids per granum (Table 8), number of plastoglobuli (Table
12), area of DNA aggregates (Table 14), in addition to swollen
thylakoidal membranes, were similar to chloroplasts of the ammon¬
ium sulfate controls.

Such ultrastructural alterations from the

use of Bovung as a nitrogen source can not be explained, particu¬
larly since leaf appearance (Table 3) and number of chloroplasts
per cell (Table 4) were comparable to Milorganite plants with 0
ppm nitrapyrin.
Similarly, the structural integrity of chloroplasts from

57

Figure 8. Representative mesophyll cell chloroplasts from
Bovung grown Raphanus sativus L. plants treated with (a) 0 ppm
nitrapyrin and (b) 10 ppm mtrapyrin. The structures indicated
in the micrographs are: cell wall (CW), chloroplast envelope
(CE), cytoplasm (Cy), DNA aggregate (DA), granum (G), intercellu¬
lar space (IS), mitochondrion (M), plasmalemma (PI), plastoglobulus (Pg), starch grain (SG), starch grain space (SGS), stroma (S)
stromal thylakoids (ST), tonoplast (T) and vacuole (V).

V
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leaves of radish plants grown with Bovung plus 10 ppm nitrapyrin
(Figure 8b) was severely disrupted, although such findings did
relate to results for leaf appearance (Table 3) and number of
chloroplasts per cell (Table 4).

The grana-fretwork system was

greatly reduced; number and area of grana (Tables 6 and 7), num¬
ber and area of stromal thylakoids (Tables 9 and 10) and average
number of thylakoids per granum (Table 8) were dramatically de¬
creased.

The area of starch grains (Table 11) and plastoglobuli

(Table 13) were also reduced, accompanied with an increased area
of DNA aggregates (Table 14).

The chloroplast envelope, plasma-

lemma and tonoplast were not pronounced but remained intact.
Therefore, according to chloroplast ultrastructure, 10 ppm
nitrapyrin (Table 16) did not significantly alter chloroplast
number of piastoglobuli (Table 12) nor the area of stromal thyla¬
koids (Table 10) or starch grains (Table 11).

However, nitrapyrin

was detrimental to the structural integrity of radish chloroplasts
as evidenced by a highly significant reduction in the number of
grana (Table 6), stromal thylakoids (Table 9) and average number
of thylakoids per granum (Table 8) as well as highly significant
reductions in the area of grana (Table 7), piastoglobuli (Table
13) and total area (Table 15) per chloroplast with a highly sig¬
nificant increase in area of DNA aggregates (Table 14) per chloroplast.
Furthermore, the incorporation of nitrapyrin with organic
fertilizers had additional effects since highly significant re-
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TABLE 16.

THE EFFECT OF NITRAPYRIN ON CHLOROPLAST STRUCTURE
LEVEL OF NITRAPYRIN, ppm** ***

CHLOROPLAST VARIABLE
0

10

NUMBER PER CHLOROPLAST
GRANA

33.27

**

STROMAL THYLAKOIDS

21.29

icic

3.74

**

3.19

10.39

NS

10.81

GRANA

0.98

**

0.69

STROMAL THYLAKOIDS

0.17

NS

0.16

STARCH GRAINS

1.00

NS

1.08

PLASTOGLOBULI

0.13

**

0.09

DNA AGGREGATES

0.04

**

0.05

10.98

**

9.78

THYLAKOIDS/GRANUM****
PLASTOGLOBULI

24.85
19.27

AREA (ym2) PER CHLOROPLAST

TOTAL AREA

**

Difference significant at the 0.01 level of probability.

NS = Nonsignificant.
***

Mean values, N = 216.

**** Average number per chloroplast.
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ductions in number of thylakoids per granum (Table 8) and number
of plastoglobuli (Table 12) in addition to highly significant
reductions in the area of grana (Table 7), starch grains (Table
11) and total chloroplast area (Table 15) were observed for mesophyll cell chloroplasts from the organic fertilizer group (Table
17).

Summary and Conclusions

Studies concerning the use of the nitrification inhibitor,
nitrapyrin, have indicated that at least one site of action of
nitrapyrin is associated with leaf chloroplasts.

Leaves from

Raphanus sativus L., cv. 'Cherry Belle' from plants grown with 10
ppm nitrapyrin in combination with six nitrogen fertilizers ex¬
hibited symptoms of nitrapyrin toxicity which ranged from reduced
leaf size to marginal chlorosis and chlorotic mottling of leaves.
The incorporation of nitrapyrin with nitrogen fertilizers highly
significantly reduced the number of chloroplasts per cell and
highly significantly altered the structural integrity of radish
mesophyll cell chloroplasts relative to mesophyll cells and chlor¬
oplasts from plants grown at 0 ppm nitrapyrin.

A possible mode of

action of nitrapyrin was the chelation of metal ions.

Further¬

more, the quantization of chloroplast structure by sonar digitizing
provided reliable data for comparative analyses of treatments.
Results of this study, thus, conclusively show that nitra-
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TABLE 17.

THE EFFECT OF FERTILIZER GROUP ON CHLOROPLAST STRUCTURE

FERTILIZER GROUP** ***
CHLOROPLAST VARIABLE
ORGANIC

INORGANIC

NUMBER PER CHLOROPLAST
GRANA

28.67

NS

29.45

STROMAL THYLAKOIDS

20.08

NS

20.47

3.76

**

3.17

11.39

**

9.81

GRANA

0.89

**

0.78

STROMAL THYLAKOIDS

0.16

**

0.17

STARCH GRAINS

1.17

**

0.91

PLASTOGLOBULI

0.11

NS

0.12

DNA AGGREGATES

0.04

**

0.05

11.03

**

9.73

THYLAKOIDS/GRANUM****
PLAST0GL03ULI

AREA (vim2) PER CHLOROPLAST

TOTAL AREA

**

Difference significant at the O.Ol

NS = Nonsignificant.
***

Mean values,

N = 216.

**** Average number per chloroplast.

level of probability.
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pyrin extensively affected the ultrastructure of radish mesophyll
cells and chloroplasts, particularly when incorporated with or¬
ganic fertilizers.

The detrimental effects of nitrapyrin on

chloroplast structure and subsequent photosynthetic efficiency
must be compared to the benefits obtained from conservation of
nitrogen fertilizers.

CHAPTER

III

THE EFFECTS OF MICRONUTRIENTS ON THE ULTRASTRUCTURE
OF MESOPHYLL CELL CHLOROPLASTS OF SPINACH AND TOMATO

Introduction

The utilization of municipal sludge for crop production has
become an economically viable method for nitrogen conservation,
waste disposal and nutrient recycling.

However, there are envi¬

ronmental concerns regarding the amount of heavy metals which are
added as constituents of sludge to agricultural soils.

Excessive

concentrations of heavy metals have been found to inhibit crop
growth and pose a long-term threat of decreasing soil productivity
and accumulating in the food chain of the biosphere.
Competitive uptake and translocation of heavy metals by
plants irrigated with sewage effluent or sludge, therefore, has
been researched more intensively in recent years due to the poten¬
tial for environmental contamination.

Heavy metal toxicity from

excess Cd, Cu, Ni, Pb or Zn present in sludge has been reported to
not only reduce crop yield but also to induce leaf chlorosis asso¬
ciated with iron deficiency (7, 63, 110, 195, 241, 290).
The essentiality for the life-sustaining process of photo¬
synthesis of the micronutrient, Fe, has been well-established as
being necessary for the synthesis of chlorophyll and as a consti¬
tuent of cytochromes and ferrodoxin.
64

Consequently, heavy metal-
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induced Fe deficiency from the use of sludge as a source of N and
P has the potential for adversely affecting plant photosynthetic
activity and efficiency.
Since chloroplasts are the site of photosynthesis, electron
microscopy investigations have been performed to study the effects
of Fe deficiency on leaves from maize (326, 354), pinto bean
(372), soybean (51), spinach and tomato (354).

However, to date,

no ultrastructural studies have been conducted to ascertain the
effects of heavy metal toxicity on chloroplast structure.

The

purpose of this study, therefore, was to describe the comparative
effects of Fe deficiency or Zn toxicity on the ultrastructure of
mesophyll cell chloroplasts of spinach (Spinacia oleracea L., cv.
Hybrid-424) and tomato (Lycopersicon esculentum Mill., cv. Heinz
1350).

Materials and Methods

Plant materials and treatments.

Seeds of spinach (Spinacia

oleracea L., cv. Hybrid-424) were sown (9 March 1977) in 15 cm
azalea pots containing a 1:1 mixture of coarse and fine silica
sand and were treated in the greenhouse with half-strength Hoagland's No. 1 nutrient solution (152) until emergence.

At that

time, the plants were thinned to four per pot and were treated
for four weeks with the following nutrient regime:

complete

Hoagland's No. 1 solution containing 1.0 ppm Fe and 0.05 ppm Zn
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(Treatment 1), Hoagland's solution minus Fe (Treatment 2), Hoagland's solution plus 10 ppm Zn (Treatment 3) or Hoagland's solu¬
tion plus 10 ppm Fe and 10 ppm Zn (Treatment 4) with three repli¬
cates per treatment using a completely randomized, block design.
All nutrient solutions were prepared with demineralized water and
were applied once daily at 100 ml per culture.

Upon harvest (20

April 1977), leaves were removed for electron microscopy.
Seeds of tomato (Lycopersicon esculentum Mill., cv. Heinz
1350) were germinated in vermiculite (24 February 1977) and were
transplanted to sand culture at the two-leaf stage with one plant
per 15 cm azalea pot.

The tomato seedlings were then treated with

the same Hoagland's No. 1 nutrient solution regime as cited for
spinach plants (Treatment 1, 2, 3 or 4 applied once daily at 100
ml per culture) for four weeks with eight replicates per treat¬
ment.

The two-topmost, fully expanded leaves were procured (20

April 1977) for electron microscopy.

Electron microscopy.

At harvest, leaves of spinach and tomato

plants were removed, dissected, fixed, dehydrated, embedded, sec¬
tioned and stained according to the electron microscopy procedures
described in Chapter II.

Sections from five blocks per treatment

were examined with a Zeiss EM 9S-2 transmission electron micro¬
scope, and standard photographic methods were used to develop and
to print the electron micrographs of chloroplasts magnified 28,500
times.
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Results and Discussion

Leaf appearance.

In contrast to the normal appearance of Spinacia

oleracea L. leaves from plants grown in complete Hoagland's No. 1
solution (Treatment 1), leaves from plants treated with Hoagland's
solution minus Fe (Treatment 2) or plus Zn (Treatment 3) were re¬
duced in size, particularly from Treatment 2, and had severe interveinal bleaching character!’Stic of Fe deficiency for spinach
(321).

Leaves from plants treated with Hoagland's solution plus

10 ppm of Fe and Zn (Treatment 4) were similar in size although
slightly darker green in appearance when compared to leaves of
ful1-nutrient plants.
Lycopersicon esculentum Mill, leaves from plants treated with
either Hoagland's solution minus Fe (Treatment 2) or plus Zn
(Treatment 3) exhibited interveinal chlorotic mottling character¬
istic of Fe deficiency for tomato (321), noting that leaves from
Treatment 2 were smaller than those observed from Treatment 3.
Leaves from plants treated with Hoagland's solution plus 10 ppm
Fe and Zn (Treatment 4) were similar in size but darker green in
comparison to leaves from tomato plants treated with complete
Hoagland's nutrient solution.

Chloroplast ultrastructure.

In mesophyll parenchyma cells of

Spinacia oleracea L., cv. Hybrid-424 plants treated with complete
Hoagland's No. 1 nutrient solution (Treatment 1), the structure
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of chloroplasts (Figure 9) corresponded with the ultrastructure
of spinach plastids observed by Esau (103), Possingham et al.
(267) and Vesk et al. (354).

The regular or cup-shaped chloro¬

pl asts had a wel1-developed grana-fretwork system which was evenly
distributed throughout the granular stromal matrix; the grana were
compartmentalized but varied in size and shape.

Small plastoglob-

uli, starch grains and aggregates of DNA were also obvious within
the stroma which was limited by the double-membraned, chloroplast
envelope.
The ultrastructure of spinach leaf chloroplasts from plants
treated with Hoagland's solution minus Fe (Treatment 2), however,
was dramatically altered (Figure 10).

The irregular-shaped chlor-

oplasts were not only reduced in size, but also the grana-fretwork
system was nonexistent, being replaced by an array of widely sep¬
arated single strands of parallel lamellae or "vesicles".

Fur¬

thermore, no starch grains were present and the number of plastoglobuli and area of aggregates of DNA were increased.

"Vacuoles",

which are believed to result from infoldings of chloroplast mem¬
branes (267), and crystalline phytoferritin inclusions adjacent
to lamellar membranes were also evident, symptomatic of advanced
chloroplast senescence (39, 40, 68, 84, 96, 164, 165, 308, 309,
312, 333, 380, 381).

The chloroplast envelope, plasmalemma and

tonoplast, however, remained intact.
These observations supported findings by Vesk et al. (354)
for Fe-deficient spinach leaf chloroplasts and closely resembled
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Figure 9. Representative mesophyll cell chloroplasts (a and
b) of Spinacia oleracea L. plants treated with complete Hoagland's
nutrient solution. The structures indicated in the micrographs
are: cell wall (CW), chloroplast envelope (CE), cytoplasm (Cy),
DNA aggregate (DA), endoplasmic reticulum (ER), granum (G), inter¬
cellular space (IS), piasmalemma (PI), plastoglobulus (Pg), starch
grain (SG), stroma (S), tonoplast (T) and vacuole (V).
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Figure 10. Representative mesophyll cell chloroplasts (a and
b) of Spinacia oleracea L. plants treated with Hoagland's nutrient
solution minus Fe. The structures indicated in the micrographs
are: cell wall (CW), chloroplast envelope (CE), cytoplasm (Cy),
DNA aggregate (DA), endoplasmic reticulum (ER), intercellular
space (IS), mitochondrion (M), phytoferritin inclusion (PI),
plasmalemma (PI), piastoglobulus (Pg), stroma (S), stromal
vacuole (SV), tonoplast (T), vacuole (V) and vesicles (Vs).
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chloroplasts of severely Mn-deficient plants (267, 368) as well
as chlorophyll-deficient and/or proplastids of dark-grown plants
(17, 154, 252, 305, 343, 356).

According to Weiland et al. (368),

reduction in the grana-fretwork system and starch within nutrientdeficient plants is morphological evidence of reduced photosynthe¬
tic activity, noting that chlorophyll content, rate of photosyn¬
thesis and ferrodoxin concentration have been shown to be strongly
decreased under conditions of Fe deficiency (7, 27, 55, 56, 80,
239, 326).
In comparison to Fe-deficient mesophyll plastids, chloroplasts from leaves of spinach plants treated with Hoagland's solu¬
tion plus 10 ppm Zn (Treatment 3) were slightly larger and occa¬
sionally contained small grana which were unevenly distributed
throughout the stroma (Figure 11b).

However, the ultrastructure

of the majority of chloroplasts examined (Figure 11a) was compar¬
able with plastids from Treatment 2 (Figure 10) as indicated by
the absence of a distinct grana-fretwork system and starch grains
and the presence of numerous piastoglobuli, aggregates of DNA,
vacuoles and phytoferritin inclusions.

The chloroplast ultra¬

structure correlated with leaf appearance as supportive evidence
for Zn-induced Fe deficiency.
The mechanism of toxic interference from excess Zn with the
uptake and translocation of Fe, however, has not been elucidated.
Zinc has been reported to specifically compete for and replace Fe
from active chelating sites in the root zone (63, 195, 326, 328),
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Figure 11. Representative mesophyll cell chloroplasts (a and
b) of Spinacia oleracea L. plants treated with Hoagland's nutrient
solution plus 10 ppm Zn. The structures indicated in the micro¬
graphs are: cell wall (CW), chloroplast envelope (CE), cytoplasm
(Cy), DNA aggregates (DA), endoplasmic reticulum (ER), grana (G),
intercellular space (IS), phytoferritin inclusion (PI), plasmalemma (PI), piastoglobulus (Pg), stroma (S), stromal vacuole (SV),
tonoplast (T), vacuole (V) and vesicles (Vs).

V
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to inhibit the reducing capacity (Fe^+ to Fe^+) of the root (7)
and to inhibit vein loading of sucrose and subsequent phloem
translocation of Fe (275).
On the contrary, chloroplasts from leaves of spinach plants
treated with Hoagland's solution plus 10 ppm Fe and Zn (Treatment
4) were comparable in size and shape (Figure 12) to those from
ful1-nutrient plants (Figure 9).

In addition, the grana of the

evenly dispersed grana-fretwork system were more compartmental¬
ized, suggestive of increased chlorophyll content and photosystem
II activity (245, 254, 293, 294, 326, 352).

Several vacuoles were

apparent at the margin of the chloroplasts, but no phytoferritin
inclusions were observed.

PIastoglobuli were more numerous than

with ful1-nutrient chloroplasts; but starch grains were present,
and the chloroplast envelope, plasmalemma and tonoplast were
intact.
In agreement with Ambler et al. (7) and Brown (63), increased
Fe concentration in the nutrient solution reduced the inhibitory
effect of Zn on the uptake and translocation of Fe.

The increased

availability of Fe actually enhanced the integrity of the chloro¬
phyll-containing grana-fretwork system as was suggested by the
darker green appearance of leaves from Treatment 4 plants.
Chloroplasts from leaves of Lycopersicon esculentum Mill.,
cv. Heinz 1350 plants treated with complete Hoagland's No. 1
solution (Treatment 1) were similar in appearance (Figure 13) to
tomato plastids examined by Puritch and Barker (273), Radi (274),
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Figure 12. Representative mesophyll cell chloroplasts (a and
b) of Spinacia oleracea L. plants treated with Hoagland's nutrient
solution plus'10 ppm Fe and 10 ppm Zn. The structures indicated
in the micrographs are: cell wall (CW), chloroplast envelope
(CE), cytoplasm (Cy), DNA aggregate (CA), granum (G), intercellu¬
lar space (IS), mitochondrion (M), plasmalemma (PI), plastoglobulus (Pg), starch grain (SG), stroma (S), stromal thylakoids (ST),
stroma vacuole (SV), tonoplast (T) and vacuole (V).

79

Figure 13. Representative mesophyll cell chloroplasts (a and
b) of Lycopersicon esculentum Mill, plants treated with complete
Hoagland's nutrient solution. The structures indicated in the
micrographs are: cell wall (CW), chloroplast envelope (CE), cyto¬
plasm (Cy), DNA aggregate (DA), endoplasmic reticulum (ER), granum
(G), intercellular space (IS), mitochondrion (M), plasmalemma
(PI), piastoglobulus (Pg), starch grain (SG), stroma (S), stromal
thylakoid (ST), tonoplast (T) and vacuole (V).
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Toyama (343) and Vesk et al. (354).

The irregularly-shaped chlor-

oplasts had an unevenly distributed, well-developed grana-fretwork
system comprised of compartmentalized grana and stromal thylakoids
which varied in length and which were diffuse or swollen.

Varia¬

bility was also noticed with the size and number of starch grains,
plastoglobuli and DNA aggregates per chloroplast as well as with
the continuity of the plasmalemma and tonoplast.

The granular,

proteinaceous stroma was surrounded by the double-membraned chlor¬
oplast envelope.
Mesophyl1 chloroplasts from tomato plants treated with
Hoagland's solution minus Fe (Treatment 2) were decreased in size,
and the grana-fretwork system was drastically reduced (Figure 14).
Grana, with an average of four thylakoids per granum, and stromal
thylakoids were extremely swollen.

The dense stroma contained

starch grains, piastoglobuli and a few aggregates of DNA.

Vesk

et al. (354) reported comparable structural alterations for chlor¬
oplasts of Fe-deficient tomato plants.

In comparison to spinach

chloroplasts from Treatment 2 (Figure 10), tomato plastids con¬
tained starch grains but no phytoferritin inclusions, vesicles nor
vacuoles were apparent, suggestive of decreased senescence and
greater tolerance to Fe deficiency as noted by leaf appearance.
Tomato chloroplasts from plants treated with Hoagland's solu¬
tion plus 10 ppm Zn (Treatment 3) were larger in size (Fiqure 15)
when compared to plastids from Treatment 2 (Figure 14) which was
in agreement with leaf appearance and spinach plastids (Figure 11)

Figure 14. Representative mesophyll cell chloroplasts (a and
b) of Lycopersicon esculentum Mill, plants treated with complete
Hoagland's nutrient solution minus Fe. The structures indicated
in the micrographs are: cell wall (CW), chloroplast envelope
(CE), cytoplasm (Cy), DNA aggregate (DA), granum (G), intercellu¬
lar space (IS), mitochondrion (M), plasmalemma (PI), plastoglobulus (Pg), starch grain (SG), stroma (S), tonoplast (T) and vacuole
(V).
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Figure 15. Representative mesophyll cell chloroplasts (a and
b) of Lycopersicon esculentum Mill, plants treated with Hoagland's
nutrient solution plus 10 ppm Zn. The structures indicated in the
micrographs are: cell wall (CW), chloroplast envelope (CE), cyto¬
plasm (Cy), DNA aggregate (DA), granum (G), intercellular space
(IS), microbody (Mb), nucleus (N), plasmalemma (PI), plastoglobuus (Pg), starch grain (SG), stroma (S), tonoplast (T) and vacuole
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from Treatment 3.

Furthermore, the extent of the grana-fretwork

system varied, i,e., some swollen grana were wel1-compartmentalized (Figure 15b), but the majority of chloroplasts contained
small, swollen grana (Figure 15b) similar to tomato plastids from
Treatment 2 (Figure 14).

The chloroplasts were also characterized

by the presence of starch grains and large piastoglobuli but no
phytoferritin crystalline inclusions, vesicles nor vacuoles were
evident.

The similar appearance of tomato mesophyll chloroplasts

from Treatment 2 and Treatment 3 plants was morphological evidence
for Zn-induced Fe deficiency.
Analogous to the ultrastructure of plastids from leaves of
spinach plants from Treatment 4 (Figure 12), mesophyll chloro¬
plasts from tomato plants treated with Hoagland's solution plus
10 ppm Fe and Zn were characterized by a wel1-developed granafretwork system which was comprised of highly-compartmentalized
grana (Figure 16).

Plastoglobuli were also larger and more num¬

erous than with full-nutrient chloroplasts (Figure 13), and the
chloroplast envelope as well as the irregular plasmalemma and
tonoplast were not disrupted.

The addition of Fe (10 ppm) to the

nutrient solution alleviated Zn-induced Fe chlorosis and enhanced
the structural integrity of the tomato chloroplasts which veri¬
fied the findings observed for spinach leaf chloroplasts from
Treatment 4 plants.
Therefore, although Zn is an essential micronutrient for
carbonic anhydrase activity and for some enzymatic prosthetic
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Figure 16. Representative mesophyll cell chloroplasts (a and
b) of Lycopersicon esculentum Mill, plants treated with Hoagland's
nutrient solution plus 10 ppm Fe and 10 ppm Zn. The structures
indicated in the micrographs are: cell wall (CW), chloroplast
envelope (CE), cytoplasm (Cy), DNA aggregate (DA), grana (G),
intercellular space (IS), plasmalemma (PI), plastoglobulus (Pg),
starch grain (SG), stroma (S), stromal thylakoid (ST), tonoplast
(T) and vacuole (V).
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groups, excess Zn (10 ppm) in the nutrient supply of both spinach
and tomato plants induced Fe deficiency as evidenced by comparable
chloroplast ultrastructure of leaves from Treatments 2 and 3.
Iron deficient or Zn-induced Fe-deficient chloroplasts of spinach
plants were character!'zed by the absence of a distinct granafretwork system and starch grains and the presence of phytoferri¬
tin crystalline inclusions, numerous piastoglobuli, vesicles and
vacuoles while chloroplasts of tomato plants contained a reduced
grana-fretwork and starch grains but no phytoferritin inclusions,
vesicles nor vacuoles.

The addition of 10 ppm Fe (Treatment 4)

eliminated Zn toxicity and enhanced the integrity of the granafretwork system of chloroplasts from spinach and tomato plants.

Summary and Conclusions
I

Competitive uptake and translocation studies of heavy metals
by plants fertilized with municipal sludge have indicated that
excess Cd, Cu, Ni, Pb or Zn induces leaf chlorosis associated with
iron deficiency.

Leaves from Spinacia oleracea L., cv. Hybrid-424

and Lycopersicon esculentum Mill., cv. Heinz 1350 treated with
Hoagland's No. 1 solution minus Fe or plus Zn (10 ppm) exhibited
characteristic symptoms of Fe deficiency, i,e., interveinal chlor¬
otic bleaching for spinach and interveinal chlorotic mottling for
tomato.

Similarly, the ultrastructure of spinach and tomato leaf

chloroplasts from plants treated with Hoagland's solution plus Zn

90

(10 ppm) corresponded to the altered structural integrity repre¬
sentative of Fe deficient chloroplasts for each plant species.
The addition of Fe (10 ppm) to the nutrient supply alleviated the
toxic effects of excess Zn as illustrated by the darker green leaf
appearance and enhanced structural integrity of mesophyll cell
chloroplasts of spinach and tomato plants.
Therefore, the results of this study confirmed'the occurrence
of Zn-induced Fe deficiency and suggest that detrimental effects
from the use of sludge fertilizers may be reduced by the simultan¬
eous incorporation of iron additives.
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APPENDIX A.

ELEMENTAL COMPOSITION OF THREE ORGANIC FERTILIZERS
FERTILIZER

ESSENTIAL ELEMENT
MILORGANITE

MERGREEN

BOVUNG

A1

%

0.52

0.97

0.07

Ca

%

0.53

1.12

1.18

Fe

%

1.16

1.16

0.14

K

%

0.32

0.28

1.26

Mg

%

0.26

0.52

0.37

Na

%

0.16

0.08

0.26

As

ppm

9.0

10.0

B

ppm

35.0

40.0

Cd

ppm

65.0

218.0

Cu

ppm

403.0

996.0

18.0

Mn

ppm

140.0

402.0

103.0

Mo

ppm

2.0

13.0

1.0

Pb

ppm

29.0

Zn

ppm

1108.0

0.33
241.0
0.74

0

0

4291.0

80.0

Analyzed by Plasma Spectrophotometry at the Suburban Experiment
Station, Waltham, Massachusetts.
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APPENDIX B.

HOAGLAND'S COMPLETE NO. 1 NUTRIENT SOLUTION (152)

SOLUTION COMPOUND

SOLUTION CONCENTRATION

MACRONUTRIENT (meq/liter)
Ca(N03)2.4 H20

2000

kno3

1000

KH2P04

1000

MgS04.7 H20

2000

NaN03

1000

NaH2P04

1000

Na^SO^

2000

CaCl2

2000

KC1

1000

MICRONUTRIENT (ppm)
H3B03

0.50

MnCl2.4 H20

0.50

ZnSO^.7 H20

0.05

CuS04.5 H20

0.02

h2moo4.h2o

0.01

NaFeEDTA

1.00

